Dagan A, Habib S, Gattineni J, Dwarakanath V, Baum M. Prenatal programming of rat thick ascending limb chloride transport by low-protein diet and dexamethasone. Am J Physiol Regul Integr Comp Physiol 297: R93-R99, 2009. First published April 29, 2009 doi:10.1152/ajpregu.91006.2008.-Prenatal administration of dexamethasone and a low-protein diet has been shown to result in hypertension in the offspring when they are adults. The cause for the hypertension is unknown. The purpose of this study was to examine whether there was prenatal programming of thick ascending limb transport. Rats were administered either dexamethasone for 4 days (0.2 mg/kg body wt) by intraperitoneal injection daily between the 15th and 18th day of gestation, or they were fed a low-protein diet (6% protein) or an isocaloric normal protein diet (20% protein) from day 12 gestation until birth. The offspring were studied as adults. Prenatal dexamethasone and dietary protein deprivation resulted in an increase in blood pressure. Offspring of mothers fed a low-protein diet had an increase in medullary but not cortical bumetanide-sensitive Na-K-2Cl cotransporter (NKCC2) protein abundance (P Ͻ 0.01). There was not a statistically significant increase in medullary NKCC2 by prenatal dexamethasone (P ϭ 0.07). Both prenatal administration of dexamethasone and a low-protein diet resulted in an increase in medullary thick ascending limb chloride transport compared with control (298 Ϯ 33 pmoles ⅐ mm Ϫ1 ⅐ min Ϫ1 , 280 Ϯ 26 pmoles ⅐ mm Ϫ1 ⅐ min Ϫ1 , and 191 Ϯ 21 pmoles ⅐ mm Ϫ1 ⅐ min Ϫ1 , respectively P Ͻ 0.05). There was a higher lumen-positive transepithelial potential difference in the prenatal dexamethasone and low-protein group compared with control as well. Administration of furosemide for 24 h resulted in a decrease in blood pressure in the low-protein group but not the control group. This study demonstrates that insults administered to the fetus can program altered sodium transport. Increased tubular sodium transport is a likely cause for the hypertension by prenatal programming. prenatal programming; hypertension; microperfusion; furosemide PRENATAL INSULTS TO THE DEVELOPING fetus have been shown to cause hypertension and cardiovascular disease in later life (2-5, 43, 43). Animal models have been used to elucidate the pathogenesis of the hypertension, as well as other sequela of prenatal insults. The two best studied prenatal insults that cause postnatal hypertension in rodents are maternal dietary protein deprivation and prenatal administration of glucocorticoids (14, 15, 28, 30 -34, 38, 40 -42). In both prenatal dietary protein deprivation and prenatal administration of dexamethasone, there are distinct times during gestation when these insults are associated with hypertension. We have shown that prenatal dexamethasone-programmed hypertension in rats when administered between 15 and 18 days of gestation, but not before or after this time (41). Similarly, dietary protein deprivation results in hypertension when administered in the second half, but not the first half, of pregnancy when the offspring are studied as adults (50).
results in hypertension when administered in the second half, but not the first half, of pregnancy when the offspring are studied as adults (50) .
The mechanism whereby prenatal insults cause hypertension has been elusive. Animal and human studies have shown that intrauterine growth retardation results in a reduction in the number of nephrons (25-27, 36, 41, 42, 50) , which has been postulated to cause hypertension in later life (11) (12) (13) 35) . There is also evidence that the renin-angiotensin system and renal nerves may play a role in mediating the hypertension with prenatal programming (31, 39) . Prenatal programming of hypertension could also be mediated by altered renal sodium transport (7, 15, 37) .
Recently, maternal dietary protein deprivation has been shown to increase renal bumetanide-sensitive NKCC2 cotransporter and the thiazide-sensitive NaCl cotransporter mRNA and protein abundance in rats (16, 37) . Whether this translates into an increase in sodium transport in these nephron segments is unknown. The rat thick ascending limb, but not the distal convoluted tubule, can be dissected and perfused in vitro. The purpose of the present study was to examine directly whether prenatal programming alters sodium transport in the thick ascending limb.
METHODS
Animals. Pregnant Sprague-Dawley rats were fed either a 6% protein diet (low protein) or an isocaloric diet containing 20% protein (normal protein) from day 12 gestation until birth as previously described by Manning and colleagues (37, 38) to examine the effect of prenatal dietary protein deprivation on thick ascending limb chloride transport. After birth, the mother was placed on a normal protein diet, as were the offspring when weaned. The rats were studied at ϳ6 wk of age. In experiments designed to examine the effect of prenatal dexamethasone on thick ascending limb chloride transport, rats were fed the normal protein diet and were administered dexamethasone (0.2 mg/kg body wt) by intraperitoneal injection daily between 15th and 18th day of gestation (15) . We have previously shown that rats develop hypertension when dexamethasone is administered during this period of gestation (15, 41, 42) . Rats from multiple litters were studied in each group. Only males were studied to lessen the variability. Females were not studied since one laboratory found that at 6 wk of age, only males were hypertensive (47) , and another laboratory found that modest maternal protein restriction did not result in hypertension in female offspring (49) . We wanted to ensure that we were studying hypertensive animals, and 6 wk is as old as it is possible to dissect tubules in a rat due to interstitial fibrosis. These studies were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Measurement of blood pressure and electrolytes. Blood pressure was measured by tail cuff in rats using an International Instrumentation and Technical Consulting model 179 blood pressure analyzer (Woodland Hills, CA) at 6 wk of age. Rats were trained for 4 days by placing rats in a Lucite tube and inflating the tail blood pressure cuff several times a day prior to the actual measurement of blood pressure on the 5th day. Blood pressure was measured at least four times in each rat, and the means of these values were used as the blood pressure for that rat. The prenatal low-protein and prenatal dexamethasone groups were studied at different times. An equivalent number of controls were measured at the same time as the blood pressure was measured in prenatal low-protein and prenatal dexamethasone groups (15) . These rats were then used for other experiments in this study. We studied the effect of furosemide on blood pressure in rats on the low-protein and control diets as well. In these experiments, rats were trained, and blood pressure was measured as above. Rats were then placed on furosemide in their drinking water at a dose of 12 mg/100 ml, as previously described, and their blood pressure was measured 24 h later (48) . Serum electrolytes were measured using Critical Care Xpress (Nova Biomedical, Waltham, MA).
In vitro microperfusion flux studies. Approximately 5-10 min prior to administration of anesthesia, rats were given intraperitoneal furosemide (2 mg/100 g body wt). Rats were given anesthesia using intraperitoneal Inactin (10 mg/100 g body wt). The abdomen was opened to expose the left kidney, which was bathed in ice-cold PBS for ϳ1 min. The kidney was then quickly removed, and the kidney was cut into several coronal slices for microdissection. These maneuvers have been shown previously to preserve the viability of the thick ascending limb for in vitro microperfusion (18 -20, 29) .
Isolated segments of rat medullary thick ascending limbs (mTAL) were dissected free hand in Hanks' solution containing (in mM) 137 NaCl, 5 KCl, 0.8 MgSO 4, 0.33 Na2HPO4, 0.44 KH2PO4, 1 MgCl2 10 tris (hydroxymethyl) aminomethane hydrochloride, 0.25 CaCl2, 2 glutamine, and 2 L-lactate at 4°C. Dissected tubules were transferred to a 1-ml temperature-controlled bathing chamber.
Tubules were perfused with an ultrafiltrate-like solution that contained (in mM) 115 NaCl, 25 NaHCO3, 4.0 Na2HPO4, 10 Na acetate, 1.8 mM CaCl2, 1 MgSO4, 5 KCl, 8.3 glucose, 5 alanine, 2 lactate, and 2 glutamine at 3-4 nl/min. The tubules were bathed in a similar solution that contained 6 g/dl of BSA. The osmolality of all solutions was adjusted to 300 mosmol/kg H2O. The bathing solution was heated to 38°C and exchanged at 0.5 ml/min to maintain a constant pH and osmolality.
Since the rate of volume absorption is zero in the mTAL, the rate of chloride transport was calculated as JCl ϭ (Vo) (Clo Ϫ Cll)Po/CloL, where Vo is the collection rate; Clo and Cll were the chloride concentrations in the perfusion solution and the collected fluid, respectively, in counts per minute per nanoliter; Po is the chloride concentration in mM; and L is the tubular length in mm. The tubule lengths were measured with an eyepiece micrometer. The perfusion solution contained 36 Cl at a concentration of 10 Ci/ml. The collection rate was measured with a 30-nl constant-volume pipette. Tubules were incubated for ϳ10 min before initiation of the measurements for chloride absorption. There were three measurements per tubule, and the mean of the three collections was used to represent the chloride absorption for that tubule. In some tubules, the bathing solution was cooled to Ͻ20°C to inhibit active transport to demonstrate that chloride transport could be totally inhibited.
The transepithelial potential difference was measured using the perfusion pipette as the bridge into the lumen of the tubule and referenced to the bathing solution using a World Precision Instruments Electrometer (Sarasota, FL). In this segment, the luminal positive potential is due to luminal potassium secretion and reflective of net chloride transport (21, 23) .
Protein isolation and analysis. Rats were anesthetized with intraperitoneal Inactin (100 mg/kg), and the kidneys were quickly removed and placed in ice-cold PBS. The rat was then killed. Under a magnifying glass, the cortex and medulla were dissected. For immunoblot studies, the dissected tissue was put in sucrose buffer containing 250 mM sucrose and 10 mM triethanolamine, 1 l/1 ml of protease inhibitor cocktail (Sigma, St. Louis, MO), and 100 g/ml phenylmethylsulfonyl fluoride (Calbiochem, La Jolla, CA) (pH ϭ 7.4). The tissue was homogenized with 15 strokes of polytetrafluoroethylene-glass homogenizer at 4°C. The homogenate was centrifuged at 1000 g for 15 min, and the supernatant protein concentration was assayed using the Bradford method (10).
SDS-PAGE and immunoblotting. Protein samples (50 g/lane) were denatured and separated on a 7.5% polyacrylamide gel using SDS-PAGE as previously described (6, 44) . Proteins were then transferred to polyvinylidene diflouride membranes at 100 mV at 4°C for 1 h. The blots were subsequently blocked using Blotto (1% nonfat milk and 0.1% Tween-20 in PBS, pH 7.4) for 1 h before incubation with primary antibody to NKCC2 (a generous gift from H. M. Kwon) that was added to the Blotto at 1:1,500 dilution. The blots were then washed in Blotto followed by the addition of the secondary antibody, a horseradish peroxidase-conjugated donkey anti-rabbit at 1:10,000 dilution. The bound antibody was detected using enhanced chemiluminescence (Perkin-Elmer, Boston, MA). ␤-actin was used to verify equal loading of proteins at 1:10,000 dilution (Sigma Biochemicals and Reagents, St. Louis, MO). Relative NKCC2 and ␤-actin protein abundance were quantitated using densitometry.
Statistics. ANOVA was used to determine statistical significance for studies with more than two groups. A Student's t-test was used to compare studies with two groups. Data are expressed as means Ϯ SE.
RESULTS
In the first group of experiments, we examined the effect of prenatal low-protein diet and prenatal dexamethasone on systolic blood pressure compared with controls at 6 wk of age. This age was chosen, as this was the average age of the rats studied in the experiments below. Both prenatal low-protein diet and prenatal dexamethasone resulted in an increase in blood pressure in 42-day-old rats compared with controls studied at the same time as shown in Fig. 1 .
Serum electrolytes were measured in 6-wk-old rats whose mothers received normal protein or a low-protein diet. The results are shown in Table 1 . The prenatal low-protein group had a higher serum bicarbonate, sodium, and blood urea nitrogen (BUN) than the control group. The higher BUN is consistent with the reduction in nephron number in the lowprotein group (47, 50) . We have previously shown an increase in proximal tubule acidification with prenatal programming by dexamethasone that may, in part, explain the higher serum bicarbonate level in the prenatal dietary protein deprivation group (15) . The higher serum sodium in the low-protein group may be due to prenatal programming of altered thirst or a renal concentration defect, a subject that will require future investigation.
In the next series of experiments, we examined the effect of maternal administration of a low-protein diet on postnatal NKCC2 protein abundance in both medulla and cortex in rats 6 wk of age. As shown in Fig. 2 , there was over a twofold increase in NKCC2 protein abundance in the medulla of the low-protein group compared with the control group. Interestingly, there was no difference in NKCC2 protein abundance in the cortex in the low-protein and control groups.
We next examined the effect of prenatal dexamethasone on NKCC2 protein abundance in the medulla and cortex (Fig. 3) . Medullary and cortical NKCC2 protein abundance was not significantly higher in the prenatal dexamethasone group than the control group.
In the next series of experiments, we examined the effect of maternal dietary protein deprivation and prenatal dexamethasone on chloride transport and the transepithelial potential difference in the mTAL. Control tubules were dissected and perfused in rats who were 45 Ϯ 3 days of age in the control group, 44 Ϯ 5 days of age in the prenatal low-protein group, and 40 Ϯ 1 days of age in the prenatal dexamethasone group. The tubular lengths in the control, prenatal dexamethasone, and maternal low-protein group were 0.53 Ϯ 0.06 mm, 0.46 Ϯ 0.04 mm, and 0.59 Ϯ 0.06 mm, respectively (P ϭ ns). The effect of prenatal dietary protein deprivation and prenatal dexamethasone administration on postnatal chloride transport is shown in Fig. 4 . As can be seen, prenatal dietary protein deprivation and prenatal dexamethasone resulted in an increased chloride transport compared with control. To demonstrate that we were, indeed, measuring active chloride transport, we cooled the tubules to ⅐mm Ϫ1 ⅐min Ϫ1 (n ϭ 15) or Ͻ90% of the transport measured before cooling. We validated our transport findings by measuring the transepithelial potential difference. Both the prenatal low-protein and prenatal dexamethasone groups had a higher potential difference than the control group as shown in Fig. 5 .
In the next experiment, we examined the effect of furosemide (12 mg/100 ml drinking water) on blood pressure in control rats and adult rats whose mothers ate a low-protein diet during the second half of pregnancy. As shown in Fig. 6 , there was a consistent decrease in blood pressure in the low-protein group, while there was no significant change in blood pressure in the control group.
Finally, we examined the effect of maternal dietary protein deprivation in 3-wk-old rats at an age prior to the development of hypertension (47) . The blood pressures were 99 Ϯ 5 mmHg in the control group and 98 Ϯ 5 mmHg in the group whose mothers received prenatal low-protein during the second half of pregnancy. Unlike the hypertensive older rats above, there was no difference in NKCC2 protein abundance/␤ actin (1.10 Ϯ 0.15 control vs. 0.94 Ϯ 0.19 low-protein group) or the medullary thick ascending limb transepithelial potential difference (3.4 Ϯ 0.8 mV in control vs. 2.8 Ϯ 0.7 mV in the low-protein group).
DISCUSSION
Prenatal insults whether from dietary protein deprivation or prenatal dexamethasone result in hypertension in the offspring when they are studied as adults (14, 28, 30 -34, 38, 40 -42) . Prenatal insults have been shown to result in prenatal programming of hypertension and cardiovascular disease in humans (2-5, 43, 43). The cause for the hypertension caused by prenatal insults is unknown, and elucidating the pathogenesis of the hypertension may lead to more directed therapy.
In previous studies examining maternal dietary protein deprivation and maternal administration of dexamethasone, there was a decrease in nephron number (14, 27, 41, 42, 50) , which Brenner and colleagues have hypothesized to be the main factor for the generation of hypertension due to prenatal insults (11) (12) (13) 35) . However, there are several lines of evidence that the paucity of nephrons is not the sole or predominant cause for the hypertension in prenatal programming. In most studies, prenatal dexamethasone and prenatal dietary protein deprivation result in less than a 50% reduction in nephron number (27, 41, 42, 50) . A 20 -30% reduction in nephron number in rats treated with prenatal dexamethasone did not affect inulin clearance, demonstrating that renal insufficiency is not associated with an increase in blood pressure (41, 42) . In addition, prenatal administration of dexamethasone at specific points of gestation results in hypertension without a reduction in nephron number (42) . In cross-breeding experiments between Wistar-Kyoto and spontaneously hypertensive rats, which have a reduced nephron number and are hypertensive, the F 2 generation was examined to determine whether there was a correlation of nephron number and blood pressure. Although there Fig. 1 . A: effect of prenatal low and control protein diet on systolic blood pressure at 42 days of age. Blood pressure was measured in rats whose mothers were fed a low-protein (LP) and control protein diet. The offspring of the LP diet group had a higher blood pressure than the control group. B: effect of prenatal dexamethasone on systolic blood pressure at 42 days of age. Rats whose mother received prenatal dexamethasone had a higher blood pressure than that of control rats. *P Ͻ 0.05.
was a significant variation in glomerular number from ϳ20,000 to ϳ37,000, there was no correlation between glomerular number and blood pressure (8) . Finally, postnatally enhanced nutrition by decreasing the litter size has been shown to increase glomerular number, but nonetheless is associated with hypertension (9). A potentially important clue for the pathogenesis of the hypertension in prenatal programming came from the work of Manning et al. (37) , in which they found that prenatal protein deprivation resulted in the upregulation in both NKCC2 cotransporter and the thiazide-sensitive cotransporter protein expression when the rats were studied at 4 wk of age (37) . However, this group also showed that at 4 wk of age, the rats that were the offspring of mothers fed a low-protein diet were not hypertensive and did not have an elevated blood pressure until 6 wk of age (47) . Our study provides evidence that an Fig. 2 . Effect of maternal LP diet on postnatal bumetanide-sensitive Na-K-2Cl cotransporter (NKCC2) protein abundance in cortex and medulla. NKCC2 protein abundance was assessed using SDS-PAGE and immunoblot from medulla and cortex of rats whose mothers were administered a LP diet compared with a control normal protein diet. There was an increase in NKCC2 protein abundance in the medulla but not in the cortex. *P Ͻ 0.01. Fig. 3 . Effect of prenatal dexamethasone on postnatal NKCC2 protein abundance in cortex and medulla. NKCC2 protein abundance was assessed using SDS-PAGE and immunoblot from medulla and cortex of control rats and rats whose mothers were administered prenatal dexamethasone. Prenatal dexamethasone did not cause a statistically significant increase medullary NKCC2 protein abundance in the offspring.
upregulation of the NKCC2 is not only important in the generation of hypertension but also in the maintenance of the hypertension, as these rats have an increase in NKCC2 at the point they are hypertensive. An upregulation in either transporter with a concomitant increase in transport would focus therapy on salt intake and diuretics specifically targeted to the affected nephron segment.
As shown by by immunoblot analysis, there was an increase in NKCC2 cotransporter abundance in the medulla but not in the cortex of rats that were the offspring of mothers fed a low-protein diet. The reason for the nephron heterogeneity between the upregulation of the NKCC2 cotransporter by dietary protein deprivation is unknown. There is nephron heterogeneity between the cortical thick acending limb (cTAL) and the mTAL. Only the mTAL responds to vasopressin with an increase in sodium transport (24) . In addition, the mTAL is more highly innervated than the cTAL (1). We have recently shown that denervation results in normalization of blood pressure in rats administered prenatal dexamethasone (16) . It is possible that renal innervation is the cause for the increase in mTAL sodium transport, but that has yet to be determined.
In the present study, we found that the increase in NKCC2 protein abundance in 6-wk-old rats that were the offspring of Fig. 4 . Effect of prenatal low-protein diet and prenatal dexamethasone on medullary thick ascending limb (mTAL) chloride transport. mTAL were dissected and perfused in vitro from adult rats whose mothers were administered a normal protein diet, a low-protein diet (6%), or prenatal dexamethasone (0.2 mg/kg body wt) by intraperitoneal injection daily between 15th and 18th day of gestation. The 6-wk-old offspring of mothers that received prenatal dexamethasone or a low-protein diet had a significant increase in the rate of mTAL chloride transport. *P Ͻ 0.05 vs. Control. Fig. 5 . Effect of prenatal low-protein diet and prenatal dexamethasone (PD) on mTAL transepithelial potential difference. Transepithelial potential difference was assessed in tubules using the perfusion pipette as the bridge in the tubular lumen and comparing the potential to the bathing solution. The potential difference was higher in the groups from rats in the prenatal dexamethasone and prenatal low-protein group compared with the control group. *P Ͻ 0.05 vs. Control. Fig. 6 . Effect of furosemide (Lasix) on blood pressure in adult rats whose mothers ate a control protein diet (top) or a low-protein diet (bottom). Systolic blood pressure was measured by tail cuff in control rats and rats whose mothers received a low-protein diet during the last half of pregnancy. Offspring was then given water that contained 12 mg furosemide/100 ml and blood pressure measured again 24 h later (48). *P Ͻ 0.05 vs. Control. mothers treated with prenatal dexamethasone was not statistically significant. We have recently found that prenatal dexamethasone resulted in a significant increase in NKCC2 in rats studied at 8 wk of age (16) . This suggests that the effect of prenatal insults on transporter abundance may be age dependent. The increase in transport likely signifies that it is a more sensitive measure of transporter activity than the total protein abundance. Alternatively, prenatal dexamethasone may be associated with a greater percentage of NKCC2 on the apical membrane than in the cytosol.
The fact that previous studies had demonstrated that there was an increase in NKCC2 cotransporter protein abundance by no means translates into an increase in NaCl transport by the thick ascending limb in the offspring of rats whose mothers were treated with a low-protein diet during pregnancy. In this study and in the previous studies (16, 37) , NKCC2 was assayed from a protein homogenate, which does not guarantee that there is increased protein abundance on the apical membrane. In addition, for there to be increased sodium transport, there must also be a concomitant increase in apical ROMK (rat outer-medullary potassium channel) so that the potassium absorbed by the NKCC2 can recycle into the tubular lumen and the basolateral chloride channel (CLCNKB) to allow basolateral chloride exit. Mutations in ROMK or CLCNKB, as well as loss of the accessory chloride channel protein barttin, leads to loss of function of the thick ascending limb and Bartter's syndrome (17, 45, 46) . There must also be a concomitant supply of fuel and increase in basolateral Na/K-ATPase activity for there to be an increase in chloride transport. Thus, an increase in chloride transport in the thick ascending limb is dependent on more than an increase in NKCC2 protein abundance. This study directly demonstrates for the first time that there is an increase in NaCl transport by the mTAL. We found a parallel increase in the lumen-positive transepithelial potential difference that is generated by luminal potassium diffusion through the apical potassium channel (ROMK), which is due to and parallels NKCC2 activity (21, 22) . Importantly, the increase in sodium chloride transport was seen at a time when there was an increase in blood pressure. Thus, the elevated blood pressure seen in prenatal programming is likely mediated, at least in part, by increased sodium absorption. Consistent with this is the fact that furosemide decreased blood pressure in the prenatal low-protein group but not in the control group. This is not the first study that has demonstrated prenatal programming can affect sodium transport. We have recently shown that rats exposed to prenatal dexamethasone using the same protocol as that used in earlier studies resulted in an increase in proximal tubule volume absorption, Na ϩ /H ϩ exchanger activity, and brush-border membrane NHE3 protein abundance (15) . This study, however, is the first to show that there is another nephron segment where sodium transport is increased in offspring that are exposed to prenatal dexamethasone. Furthermore, it demonstrates that there is nephron heterogeneity on the effect of prenatal programming and that not all nephron segments likely have an increase in transport.
In summary, we found that both prenatal dexamethasone and a low dietary protein intake cause an increase in medullary thick ascending limb transport. The mechanism for this effect is unknown at present and whether other distal nephron segments are affected will need to be determined.
Perspectives and Significance
It is now clear that prenatal insults can lead to hypertension in the offspring in animal models and in humans. The mechanism(s) for the generation and maintenance of hypertension by prenatal programming is an area of intense investigation and of clinical significance. This study shows that there is an increase in transport in the mTAL, a segment responsible for a substantial fraction of renal sodium absorption. The final determinant of urinary sodium excretion lies in more distal nephron segments and whether transport in the distal nephron segments are affected by prenatal programming is unknown and yet to be investigated. The increase in serum sodium observed in this study suggests that there may be a concentrating defect or an abnormality in the thirst mechanism, which is an issue for future investigation. Furthermore, how prenatal insults program the initiation and maintenance of hypertension remains unclear at present. Nonetheless, this study shows that this altered sodium transport may be an effective therapeutic target for the treatment of patients whose hypertension is the result of a prenatal insult.
